MDM2 is an E3 ubiquitin ligase that binds and ubiquitinates the tumor suppressor protein p53, leading to its proteasomal degradation. Nutlin-3a (Nutlin) is a preclinical drug that binds MDM2 and prevents the interaction between MDM2 and p53, leading to p53 stabilization and activation of p53 signaling events. Previous studies have reported that Nutlin promotes growth arrest and/or apoptosis in cancer cells that express wild-type p53. In the current study, Nutlin treatment caused a cytoskeletal rearrangement in p53 wild-type human cancer cells from multiple etiologies. Specifically, Nutlin decreased actin stress fibers and reduced the size and number of focal adhesions in treated cells. This process was dependent on p53 expression but was independent of p21 expression and growth arrest. Consistent with this, Nutlin-treated cells failed to form filamentous actin-based motility structures (lamellipodia) and displayed significantly decreased directional persistence in response to migratory cues. Finally, chemotactic assays showed a p53-dependent/p21-independent decrease in migratory and invasive capacity of Nutlin-treated cells. Taken together, these findings reveal that Nutlin treatment can inhibit the migration and invasion capacity of p53 wild-type cells, adding to the potential therapeutic benefit of Nutlin and other small molecule MDM2 inhibitors. Mol Cancer Ther; 9(4); 895-905. ©2010 AACR.
Introduction
The tumor suppressor p53 is one of the most commonly mutated proteins in human cancers. Wild-type p53 is a transcription factor that induces cell cycle arrest, apoptosis, or senescence in response to internal or external stresses that might otherwise predispose normal cells to cancer (1, 2) . When p53 is mutated, it is unable to inhibit growth in response to these stresses, leading to tumor development. Approximately 50% of human tumors express wild-type p53; however, p53 function is generally compromised in these cancers due to abnormalities in the way in which p53 is regulated or defects in the p53 signaling pathway (3). MDM2 is the major negative regulator of p53, and mdm2 gene amplification is a common abnormality observed in cancers that retain wild-type p53 (4) . MDM2 is an E3 ligase that binds to and ubiquitinates p53, leading to its proteasomal degradation (5, 6 ). p53 and MDM2 form an autoregulatory feedback loop in which p53 transcriptionally activates the expression of MDM2, and MDM2 stimulates the degradation of p53, thereby controlling the levels of both proteins. Nutlin3a (Nutlin) is a cis-imidazoline compound that specifically binds MDM2 and prevents the interaction between MDM2 and p53 (7) . Therefore, in the presence of Nutlin, p53 does not undergo proteasomal degradation and p53 protein accumulates in the cell. p53 can then inhibit proliferation and/or cause cell death (7, 8) . Nutlin treatment has been shown to inhibit the growth of human tumors that express wild-type p53 in nude mice xenograft models (7) .
Metastasis from a tumor tissue of origin to distant sites constitutes the most life-threatening aspect of cancer (9) . To metastasize, cells must become motile and invasive to surrounding tissues. The actin cytoskeleton is remodeled during cell movement, primarily through activity of the Rho family of small GTPases (RhoA, Rac1, and Cdc42; ref. 10) . In response to migratory cues, cells initially become polarized, forming a leading edge in the direction of movement. Active Cdc42 localizes at the leading edge of the cell and induces localized de novo polymerization of actin to form filipodia (spike-like structures of actin) through regulation of the activity of the WASP (Wiskott-Aldrich syndrome protein) protein complex (11, 12) . Active RAC1 at the leading edge of cells stimulates the formation of lamellipodia (flat sheet-like structures of actin) through the regulation of WAVE (WASP family verprolin-homolous protein) complexes. These multiprotein complexes are recruited to the membrane at the cell leading edge and, once active, associate with and stimulate the activity of the actin nucleating proteins actin-related proteins 2 and 3, leading to actin polymerization. Integrin-dependent focal adhesions form between these newly formed actin-rich protrusions (lamellipodia) and the ECM (11, 12) . The cell body follows the leading edge while retracting the lagging tail. Rho A regulates cell contractility through formation of acto-myosin stress fibers and focal adhesions. RhoA has been shown to be required for retraction of the lagging tail of the cell during cell movement (11) . An amoeboid form of cancer cell movement has also been described (13) . Amoeboid movement leads to faster migration rates and is controlled by the action of RhoA signaling through its effector ROCK. In this form of movement, RhoA-ROCK promotes remodeling of cortical actin that generates propulsion through ECM.
Recent reports support a relationship between p53 and the cytoskeleton. p53 overexpression decreased actin stress fiber levels and focal adhesions in p53-null mouse fibroblasts (14) . Other studies showed reduced Cdc42-dependent filipodia formation in mouse embryo fibroblasts (MEF) overexpressing p53, which prevented cell polarization and inhibited cell spreading (15) . Similarly, deletion of p53 in MEFs (p53 null) led to cytoskeletal rearrangement and increased cell motility and invasion associated with increased Rac1 activity (16, 17) . More recently, deletion of p53 in MEFs was reported to promote RhoA-ROCK-dependent amoeboid cell movement in three-dimensional matrices (18) . Taken together, these data suggest a role for p53 in the control of cell migration/invasion through its effects on the actin cytoskeleton. Results from the current study show that Nutlin-treated cancer cells display p53-dependent rearrangement of the actin cytoskeleton, fail to form actin-based motility structures in response to migratory cues, and have diminished chemotactic migration and invasion capacity. These results indicate that clinical use of Nutlin may inhibit directional migration and have antimetastatic potential against p53 wild-type cancers in addition to its already established antiproliferative effects.
Materials and Methods

Cells
HT1080, U2OS, SAOS, and A549 cells were obtained from American Type Culture Collection and had been passaged for <6 mo. Cells were grown in DMEM supplemented with 100 units per mL penicillin, 100 μg/mL streptomycin, and 10% fetal bovine serum (FBS). Cells were plated 24 h before treatment with Nutlin. Nutlin was purchased as a racemic mix of Nutlin-3a (active enantiomer) and Nutlin-3b (inactive enantiomer) from Sigma-Aldrich. All stated doses of Nutlin refer to the active Nutlin-3a enantiomer. Where indicated, plates/ coverslips were coated with rat tail collagen I, mouse collagen IV, or human fibronectin (5 μg/cm 2 , BD Biosciences) as the manufacturer describes before plating cells.
Immunoblots
Cells were lysed in 50 mmol/L Tris (pH 7.5), 150 mmol/L NaCl, 0.5% Nonidet P-40, phenylmethylsulfonyl fluoride, and leupeptin. Lysates resolved by SDS-PAGE were transferred to nitrocellulose, blocked with 5% milk, incubated in primary antibody overnight and secondary antibody for 1 h, and visualized by chemiluminescence. Primary antibodies were p53 (ab-2; Calbiochem), actin, tubulin, MDM2 (SMP14), and p21 (H164; Santa Cruz). Densitometry was done using NIH image J software, and values were corrected for actin/tubulin loading control. Significance was determined using Student's t-test (P < 0.05).
Immunofluorescence/cytoskeletal staining
Immunofluorescence cytoskeletal staining was done using an actin cytoskeleton/focal adhesion staining kit (Millipore). Briefly, cells were fixed on cover glass with 4% paraformaldehyde, blocked in 1% bovine serum albumin and 0.1% Triton X-100 and incubated with primary antibodies (1:100 dilution) for 1.5 h. Cells were next incubated with TRITC-conjugated phalloidin (Millipore; 1:100 dilution) and Alexa 488-conjugated secondary antibody (1:2,000 dilution; Invitrogen) and/or Cy5-conjugated secondary antibody (1:2,000; Jackson Immunoresearch) for 1 h. Primary antibodies were anti-vinculin (Millipore), antip21 (H-164), and anti-p53 (FL-393; Santa Cruz). To visualize lamellipodia formation, cells were grown to confluency on collagen-coated coverslips, and cell monolayer was wounded 2 h before fixation. Samples were visualized and imaged using a Zeiss Axiovert 200 M fluorescence microscope. Cy5 staining was pseudocolored orange in all images. Image analysis was done using NIH Image J analysis software.
Cell cycle analysis
Cells were trypsinized and resuspended in PBS (0.1% bovine serum albumin). A total of 1.5 × 10 6 cells per mL were fixed in ethanol (4°C), resuspended in RNase A (0.7 mg/mL)/propidium iodide (50 mg/mL), and incubated at 37°C. Analysis was done using FACSCanto flow cytometer (BD Biosciences), and data were analyzed using Flowjo software.
siRNA-mediated transient knockdown p53 RNAi, p21 RNAi, and control RNAi (On-target plus siControl nontargeting pool) were purchased from Dharmacon and transfected according to the manufacturer's guidelines using DharmaFECT I reagent. Treatments were applied 24 h after transfection.
Time lapse microscopy
HT1080 cells were grown to confluency in collagencoated six-well dishes. Cell monolayer was wounded using a sterile micropipette tip, and cells at multiple points along the wound edge were imaged every 5 min over a 4-h period using a Zeiss Axiovert 100 microscope. Cells were maintained at 5% CO 2 and 37°C during the course of these experiments. Cell track analysis of individual cells, determination of velocity, and directional persistence were done using Metamorph version 7.6 image analysis software (50 cells per wound edge).
Chemotactic migration assay
Chemotactic migration was studied using BD Biosciences 24-well uncoated migration chambers (8.0-μm pore size; BD Biosciences) as follows. Approximately 2.5 × 10 4 (1.25 × 10 4 for HT1080) untreated or Nutlinpretreated (8 μmol/L, 24 h) cells were seeded in the upper chambers of the plate in triplicate in 500 μL serum-free DMEM (±Nutlin). DMEM with 10% FBS (±Nutlin) was added to the lower chamber as a chemoattractant. After 24 h of incubation at 37°C with 5% CO 2 , cells remaining on the upper membrane surface were removed with a cotton swab. Cells on the lower surface of the membrane were stained with crystal violet and fixed in methanol. The invasive cells on the lower surface of membrane were counted using a microscope. Each experiment was repeated thrice. To control for effects on cell proliferation, cells were dislodged from additional intact membranes using trypsin (15 min at 37°C) and vortexing. Total cell number was counted using a hemocytometer.
Matrigel invasion assay
Invasion of cells through Matrigel-coated membranes was determined using 24-well BD invasion chambers (8.0-μm pore size; BD Biosciences) in accordance with the manufacturer's instructions with the following modifications. Briefly, cells were trypsinized, and 2.5 × 10 4 (1.25 × 10 4 for HT1080) untreated or Nutlin-pretreated (8 μmol/L, 24 h) cells were placed into the upper compartment of the invasion plates in triplicate in 500 μL serumfree DMEM (±Nutlin). The lower compartment was filled with 750 μL of 10% FBS DMEM (±Nutlin). After 40 h of incubation at 37°C with 5% CO 2 , cells remaining on the upper membrane surface were removed with a cotton swab. Cells on the lower surface of the membrane were stained with crystal violet and fixed in methanol. The invasive cells on the lower surface of membrane were counted using a microscope. Each experiment was repeated thrice. To control for effects on cell proliferation, cells were dislodged from additional intact Matrigel membranes using trypsin (2 h at 37°C) and vortexing. Total cell number was counted using a hemocytometer.
Results
Previous studies describe increased p53 levels and activity in p53 wild-type cancer cells (p53wt) upon treatment with the MDM2 inhibitor Nutlin-3a (Nutlin; refs. 7, 8) . We treated human cancer cell lines U2OS (osteosarcoma; p53wt), A549 (lung adenocarcinoma; p53wt), HT1080 (fibrosarcoma; p53wt), and SAOS (osteosarcoma; p53 null) with increasing doses of Nutlin (0-16 μmol/L, 24 h) and monitored the expression of p53, p21, and MDM2 by immunoblotting (data not shown). Nutlin treatment caused a dose-dependent increase in p53 and its downstream targets p21 and MDM2 in p53wt cells. A robust increase in p53 was observed in p53wt cell lines in our study at an 8 μmol/L Nutlin dose (Fig. 1A) . As expected, Nutlin did not induce p53, p21, or MDM2 expression in SAOS cells. Next, we analyzed cell cycle profiles in Nutlin-treated cells. DNA content analysis showed that Nutlin treatment of p53wt cell lines (U2OS, A549, and HT1080) caused these cells to arrest with 2N and 4N DNA content, suggestive of G 1 -phase and G 2 -phase cell cycle arrest. In contrast, the same Nutlin treatment had no obvious effect on the cell cycle profile of p53-null SAOS cells (Fig. 1B) . Analysis of sub-G 1 populations in these cells showed no detectable increase in cell death at 24 or 48 hours after Nutlin treatment.
During the course of our studies, we observed a dosedependent alteration in cellular morphology in Nutlintreated p53wt cells. Typically, cell structure changed from a well-spread polygonal structure to a more elongated morphology (Supplementary File S1) during Nutlin treatment, becoming apparent at 24 hours and occurring in ∼70% of cells at 40 hours after treatment (16 μmol/L Nutlin). Morphologic changes were most apparent at higher Nutlin doses (8-16 μmol/L), coincident with increased levels of p53. This alteration in morphology was reversible, and cells returned to a spread/polygonal morphology within 8 hours after Nutlin removal (data not shown). These morphologic changes were also observed when Nutlin-treated cells were plated on individual ECM surfaces, including fibronectin, collagen IV, and collagen I (data not shown). Because cellular morphology is controlled by the actin cytoskeleton, we examined cytoskeletal organization of Nutlin-treated p53wt and p53 null cells 40 hours after treatment. Cells were plated on collagen-coated coverslips, treated with Nutlin (8 μmol/L), and stained with rhodamine-conjugated phalloidin to detect filamentous actin (F-actin) and anti-vinculin antibody to detect focal adhesions. Untreated A549 and U2OS cells display numerous large actin stress fibers and large focal adhesions throughout the cell body. Treatment with Nutlin decreased F-actin stress fibers and focal adhesion size and number in A549 and U2OS cells ( Fig. 2A) . Image analysis showed significantly decreased phalloidin staining intensity in treated versus untreated cells, confirming the decrease (Fig. 2B ). In addition, image analysis indicated a decrease in the size and number of focal adhesions with Nutlin treatment (Fig. 2C and D) . Nutlin also induced cytoskeletal rearrangement in HT1080 cells (Supplementary File S2) . These effects seemed to depend on p53 status, because F-actin expression/cytoskeletal arrangement were not diminished/altered by Nutlin treatment in p53 null SAOS cells, and there was also little to no effect of Nutlin on focal adhesion number or size in these cells ( Fig. 2A-D) . It is worth noting that Nutlin treatment was also associated with an increase in cytoplasmic (nonadhesion-associated) vinculin staining in all cell types. This, however, does not seem to relate to the decrease in focal adhesion size and number, as it was also apparent in SAOS cells wherein adhesions remain unaffected by Nutlin treatment.
Next we wished to test the dependency of these effects on p53 and the p53 downstream effector, p21. U2OS cells were transfected with siRNA targeting p53 (sip53), p21 (sip21), or a nontargeting siRNA sequence (siCTRL) before treatment with Nutlin (8 μmol/L, 24 hours later). U2OS cells were used for these studies as they showed the most efficient knockdown of p53 and p21 expression compared with other cells. Lysates from Nutlin-treated and untreated cells were collected 40 hours after Nutlin treatment and immunoblotted for p53 and p21 expression. Cells transfected with siCTRL showed increased expression of p53 and p21 with Nutlin treatment (Figs. 3A and 4A). In contrast, sip53-transfected cells did not show a detectable increase in p53 or p21 expression after Nutlin treatment (Fig. 3A) , and cells transfected with sip21 showed increased p53 but no increase in p21 (Fig. 4A  and C) . Cell cycle analysis showed that sip53 (Fig. 3B)  and sip21 (Fig. 4B) ablated Nutlin-induced cell cycle arrest in U2OS cells. Untreated and Nutlin-treated sip53-, sip21-, and siCTRL-transfected U2OS cells were next stained for stress fibers/focal adhesions. As expected, cells transfected with control siRNA showed diminished F-actin stress fiber levels, as well as decreased focal adhesion size and number with Nutlin treatment (Fig. 3C) . In contrast, sip53-transfected cells retained normal actin stress fiber levels with Nutlin treatment, and the number and size of focal adhesions were unaffected (Fig. 3C) . These results confirm that cytoskeletal changes induced by Nutlin treatment are p53 dependent. Interestingly, cells in which p21 was knocked down also displayed decreased F-actin stress fiber levels and a decrease in the number and size of focal adhesions after Nutlin treatment, similar to control cells (Fig. 4D ). This indicates that p21-dependent cell cycle arrest is not associated with or required for these cytoskeletal changes.
Reorganization of the actin cytoskeleton is essential for cell migration and invasion (11, 12) . We therefore hypothesized that Nutlin might also affect the formation of actin-based motility structures in cancer cells. In a wound assay, cells grown in a confluent monolayer form large sheets of actin (lamellipodia) and strong focal adhesions at the leading edge of the cell as they migrate into the wound (19) . To investigate the effect of Nutlin on this process, we wounded a confluent monolayer of Nutlin-treated or untreated U2OS (mildly invasive), SAOS (mildly invasive), and HT1080 (highly invasive) cells on collagen-coated coverslips using a sterile micropipette tip. Two hours after wounding, cells were stained for stress fibers/focal adhesions, and the percentages of woundedge cells displaying lamellipodia were evaluated. Untreated 2OS, SAOS, and HT1080 cells formed large F-actin-rich lamellipodia at the leading edge of wounded cells (Fig. 5A and B) . Nutlin treatment (4 and 8 μmol/L) significantly decreased the percentage of cells displaying lamellipodia in HT1080 and U2OS cells but had no effect on lamellipodia formation in SAOS cells (Fig. 5B) . To investigate the dependency of this effect on p53 or p21 expression, Nutlin-treated or untreated U2OS cells transfected with sip53 or sip21 were wounded in a similar assay. Lamellipodia formation was lost in Nutlin-treated siCTRL and sip21 cells; however, lamellipodia formation in sip53-transfected cells remained unaffected by Nutlin treatment (Fig. 5C and D) .
Next we analyzed the effects of Nutlin on cancer cell motility. Highly motile HT1080 cells were grown to confluence on collagen-coated plates and wounded using a sterile micropipette tip. Untreated or Nutlin-treated (8 μmol/L, 40 h) cells were monitored using time lapse microscopy for 4 hours after wounding. Untreated cells formed large lamellipodia at the leading edge within 5 minutes after wounding and continued to move unidirectionally into the wound throughout the 4-hour assay (Fig. 6A) . In contrast, Nutlin-treated cells formed narrow protrusions and seemed to move randomly rather than in a directional manner. Some Nutlin-treated cells were observed to lose and regain adhesion to the matrix within the 4-hour visualization period (Fig. 6) . Migration track analysis of cells that remained attached to the plate (Fig. 6B) showed that Nutlin-treated and untreated cells could move with similar velocities (Fig. 6C) ; however, Nutlin significantly decreased directional persistence in treated cells (Fig. 6D) . In summary, Nutlin treatment did not inhibit the overall motility of HT1080 cells but did inhibit their ability to move in a persistent, directional manner. This lack of directional movement was correlated with altered cytoskeleton in Nutlin-treated cells and decreased formation of actin-rich motility structures (lamellipodia). HT1080 cells are a rapidly migrating cell type and are particularly suitable for this form of directional motility assay, having the ability to close the wound at ∼5 to 6 hours after wounding. The slowermoving U2OS cell is less suitable for this type of assay (wound closure in 24-28 hours); however, we did perform live cell image analysis on untreated and Nutlintreated U20S cells seeded sparsely (10-20% confluency) in collagen-coated plates (data not shown). Similar to HT1080 cells, Nutlin-treated U2OS cells displayed multiple narrow protrusions and more frequent oscillations when compared with untreated cells. The slow-moving nature of this cell made it unsuitable for image track analysis.
Finally, we examined the effect of Nutlin on chemotactic cancer cell migration and invasion. Nutlin-treated and untreated U2OS, HT1080, and SAOS cells were initially analyzed for migration and invasion in uncoated boyden chamber or Matrigel-coated invasion chamber assays, respectively. Total cell numbers were also evaluated to control for Nutlin's effect on cell proliferation. Nutlin treatment significantly decreased both migration and invasion of U2OS and HT1080 cells (Fig. 7A and B) . Surprisingly, SAOS cell migration and invasion were consistently enhanced by Nutlin treatment in these assays. Similar migration and invasion assays were done in U2OS cells transfected with sip53, sip21, or control siRNA. Nutlin treatment significantly inhibited migration and invasion of U2OS cells transfected with either sip21 or control siRNA (Fig. 7C and D) . However, Nutlin did not inhibit migration or invasion of cells transfected with sip53. Thus, Nutlin treatment inhibited the migration and invasion capability of cancer cells in a p53-dependent but p21-independent manner.
Discussion
Nutlin is a small molecule MDM2 antagonist and activator of p53. Results from this study show that Nutlin causes a p53-dependent, but p21-independent, decrease in the level of F-actin stress fibers as well as the number and size of focal adhesions. Consistent with this, Nutlin-treated cells failed to form F-actin-based motility structures (lamellipodia) and displayed significantly decreased directional persistence in response to migratory cues. Finally, chemotactic assays showed a p53-dependent decrease in the migratory and invasive capacity of Nutlin-treated cells. Taken together, these data reveal a previously undescribed cellular response to Nutlin treatment that will likely contribute to its therapeutic and antitumor potential.
The nongenotoxic activation of p53 in p53wt cancer cells represents a promising therapeutic strategy. Previous studies have shown that Nutlin effectively growth arrests p53wt cancer cells in G 1 and G 2 phases, induces senescence, and/or induces apoptosis at low micromolar concentrations in multiple cancer types (7, 8, 20) . Moreover, Nutlin administration in nude mice bearing established human cancer xenografts showed effective tumor growth inhibition and tumor shrinkage at nontoxic doses (7). More recently, Sechierro et al. described an inhibitory effect of Nutlin on angiogenesis, which was related at least partially to decreased migratory capacity of treated endothelial cells (21) . It has also been shown that Nutlin can inhibit cancer cell migration and invasion indirectly through repression of stromal-derived factor-1/CXCL12 expression in stromal fibroblasts (22) . In the current study, we show for the first time that Nutlin can directly inhibit the migration and invasion capacity of cancer cells that express wild-type p53. Collectively, these results highlight the possibility that Nutlin and similar compounds may act as a combination of antiproliferative, antiangiogenic, and antimetastatic agents, thereby targeting three important events in cancer progression.
In our study, Nutlin altered cell morphology and decreased both actin stress fibers and focal adhesions specifically in p53wt cancer cells. We confirmed the dependency of this phenotype on p53 expression using siRNA targeting p53. Previous studies reported altered morphology and increased focal adhesions in p53-null MEFs (16, 17) . Similarly, Alexandrova et al. reported that overexpression of p53 in mouse fibroblasts results in altered cell morphology and reduction in the number and size of actin stress fibers and focal adhesions (14) . We considered that Nutlin's effect on the actin cytoskeleton could be an indirect consequence of either cell cycle arrest or apoptosis mediated by p53. However, Nutlin-treated cells in our study exhibit little or no apoptosis as determined by DNA content (sub-G 1 ) analysis. This allows us to differentiate the cytoskeletal effects of p53 from an apoptotic response. In addition, siRNA knockdown of p21 ablated growth arrest in Nutlin-treated cells but did not prevent the cytoskeletal effects. Based on these findings, we conclude that the cytoskeletal rearrangements induced by Nutlin are independent of either apoptosis or cell cycle arrest mediated by p53.
We identify p53-dependent inhibition of chemotactic/ directional migration and invasion in Nutlin-treated cancer cells. We have also discovered abnormalities in the response of Nutlin-treated cells to migratory cues. Specifically, Nutlin-treated cells fail to form lamellipodia in the direction of a wound and display decreased directional Figure 7 . Nutlin decreases cancer cell migration and invasion in a p53-dependent/p21-independent manner. A and B, U2OS, HT1080, and SAOS were treated with Nutlin (8 μmol/L) or left untreated in uncoated (A) or Matrigel-coated (B) boyden chambers. FBS (10%) was added to the lower chamber to act as chemoattractant. After 24 h (migration) or 48 h (invasion), cells were scrubbed from upper surface and migrated/invaded cells were crystal violet stained and counted. Total cell number was calculated by releasing cells on separate membranes and direct counting on a hemocytometer. Data are normalized to total cell number at end of assay. Data are representative of three independent experiments. C and D, U2OS cells were transfected with siRNA targeting p21 (sip21) and p53 (sip53) or a nontargeting control sequence (siCTRL) and were left untreated or treated with Nutlin (8 μmol/L) 24 h later. Migration and invasion assays were done as described above. Data are representative of three independent experiments (*, P < 0.05 Nutlin-treated versus untreated).
persistence when compared with untreated cells. It is clear that such abnormalities in cell motility may account, at least in part, for the effect of Nutlin on chemotactic migration and invasion. It is perhaps surprising that Nutlin-treated cells move with similar velocities to untreated cells. However it is worth noting that similar findings have been reported in studies examining the effects of overexpression of tumor suppressors DAPK and Scribble (23, 24) . In each case, overexpressing cells migrate with decreased directional persistence and display impaired lamellipodia formation but retain migrational velocity. Taken together, these findings and our study suggest that lamellipodia formation alone is not predictive of migration rate (velocity) in cancer cells. Previous studies have suggested an inhibitory effect of p53 on cell migration and/or invasion (14, 15, 17) . In each case, the inhibitory effects of p53 were linked closely with cytoskeletal rearrangement and/or abnormal cell polarization. The mechanism through which p53 mediates its effects on lamellipodia formation and directional persistence in Nutlin-treated cells remains unclear. During cell movement, Rac1 is responsible for the formation of large actin-rich lamellipodial protrusions at the leading edge. In contrast, Cdc42 is responsible for the formation of small, spike-like protrusions (filipodia), and Rho1 functions in the formation of actin stress fibers throughout the cell body, as well as in retraction of the lagging tail. The predominant effect of Nutlin treatment was to diminish F-actin stress fiber levels and inhibit lamellipodia formation at the leading edge, and we therefore monitored Rac1 and RhoA activity in Nutlin-treated HT1080 cells (data not shown). In some but not all experiments, both Rac1 and RhoA activity were inhibited in Nutlintreated HT1080 cells, suggesting decreased invasion and migration in Nutlin-treated cells might result in part from an inhibition of Rho A and/or Rac1. This would be consistent with previous studies that have reported that high levels of p53 can inhibit RhoA and Rac1 (14, 15, 17) .
Taken together, our data uncover novel effects of Nutlin treatment on cancer cell invasion. The most deadly aspect of cancer is its ability to spread or metastasize. During metastasis, primary tumor cells invade the surrounding stroma and migrate toward blood vessels or lymphatics (25, 26) . Tumor cells enter blood vessels (intravasation) and are carried by the circulatory system to distant sites where they typically arrest in the capillary bed of a distant organ. The arrested cells extravasate from the circulation system to the organ parenchyma and proliferate to form a secondary tumor. Accumulating evidence suggests that this is not a random process but rather one that is directed by host/tumor signaling. Tumor cells detect and directionally move toward chemoattractant gradients. For example, the chemokine stromal-derived factor-1 can stimulate tumor cell migration away from the primary tumor mass and toward stromal sites in distal organs (27) (28) (29) . This process is believed to contribute to the metastasis of cancer cells to preferred sites in the body, such as bone, lung, and liver, wherein stromal-derived factor-1 expression is high (30) . Similarly, epidermal growth factor and hepatocyte growth factor, which are secreted by cancer-associated fibroblasts and tumor-associated macrophages, have been linked to the guidance of motile/invasive cancer cells (31) (32) (33) . Directional movement of cancer cells is involved in stromal invasion, intravasation, and extravasation during the metastatic cascade. Interference with directional movement of cancer cells has been shown to decrease metastasis in animal models of cancer (27, 34, 35) . Based on our results, Nutlin's inhibitory effects on directional movement and invasion have the possibility to translate into antimetastatic activity. In vivo studies to examine the potential antimetastatic effects of Nutlin will be beneficial to establish the relevance of our findings in suitable animal models of cancer.
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